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Abstract
We present recent results on in-medium spectral functions of vector and axial-vector mesons, the electromagnetic (EM)
spectral function and dilepton rates using the Functional Renormalization Group (FRG) approach. Our method is based
on an analytic continuation procedure that allows us to calculate real-time quantities like spectral functions at finite
temperature and chemical potential. As an effective low-energy model for Quantum Chromodynamics (QCD) we use
an extended linear-sigma model including quarks where (axial-)vector mesons as well as the photon are introduced as
gauge bosons. In particular, it is shown how the ρ and the a1 spectral function become degenerate at high temperatures
or chemical potentials due to the restoration of chiral symmetry. Preliminary results for the EM spectral function and
the dilepton production rate are discussed with a focus on the possibility to identify signatures of the chiral crossover
and the critical endpoint (CEP) in the QCD phase diagram.
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1. Introduction
Exploring the phase structure of QCD, locating the critical endpoint and describing the in-medium mod-
ifications of hadrons are central challenges in the focus of ongoing experimental and theoretical efforts. The
necessary energy densities can be reached in heavy-ion collisions, where electromagnetic probes such as
photons and dileptons, as decay products of vector mesons, are uniquely well-suited to investigate these
questions [1].
In this work we present first results for the EM spectral function and the dilepton rate based on the
theoretical framework for the calculation of spectral functions proposed in [2, 3, 4, 5] which was applied
to vector and axial-vector mesons in [6]. Within this framework the FRG is used in the following, which
represents a non-perturbative continuum method that is well-suited to describe phase transitions. It is applied
to an extended linear-sigma model including quarks, which serves as a low-energy model of QCD, albeit
without incorporating confinement.
ar
X
iv
:1
80
7.
04
95
2v
1 
 [h
ep
-p
h]
  1
3 J
ul 
20
18
2 R.-A. Tripolt et al. / Nuclear Physics A 00 (2018) 1–4
2. Flow equations for vector mesons
We use the same theoretical framework as discussed in [6]. As an ansatz for the effective average action
we choose
Γk =
∫
d4x
{
ψ¯
(
/D − µγ0 + hS (σ + i~τ~piγ5) + ihV (γµ~τ~ρµ + γµγ5~τ~aµ1))ψ + Uk(φ2) − cσ
+
1
2
∣∣∣(Dµ − igVµ)φ∣∣∣2 + 18Tr (VµνVµν) + 14m2V,kTr (VµVµ)
}
(1)
with Vµν = DµVν − DνVµ − ig
[
Vµ,Vν
]
, the covariant derivatives Dµψ =
(
∂µ − ieAµQ
)
ψ and DµVµ =
∂µVν − ieAµ[T3,Vν], the scalar sigma and pseudo-scalar pion fields φ ≡ (~pi, σ) and the vector and axial-
vector meson fields Vµ ≡ ~ρµ ~T + ~a1,µ ~T 5. This represents a low-energy model of two-flavor QCD which
incorporates the effects of chiral symmetry. The ρ and the a1 field as well as the photon field Aµ are intro-
duced using the gauging principle, see also [7, 8]. The flow equations for the ρ and the a1 2-point functions
are analytically continued to real energies ω, using the method described in [6], and then solved numerically.
In this work we will use the Vector Meson Dominance (VMD) assumption and neglect decay channels into
vector mesons, cf. [6], which yields the diagrammatic structure of the flow equations shown in Fig. 1. For
the implementation of fluctuating vector mesons within the FRG we refer to [9].
∂kΓ
(2)
ρ,k =
ρ ρ
pi
pi pi
− 1
2
ρ ρ
pi pi − 2 ρ ρ
ψ
ψ ψ
∂kΓ
(2)
a1,k
=
a1 a1
pi
σ σ
+
a1 a1
σ
pi pi
− 1
2
a1 a1
pi pi − 1
2
a1 a1
σ σ − 2 a1 a1
ψ
ψ ψ
Fig. 1. Diagrammatic representation of the flow equations for the ρ and the a1 2-point function. The vertices, which are taken to be
momentum-independent, are represented by black dots while the regulator insertions, ∂kRk , are represented by crossed circles.
3. EM Spectral function and dilepton rates
Since the ρ vector meson mixes with the photon field Aµ, one has to diagonalize the following matrix of
2-point functions in order to extract the full EM spectral function connected to Γ˜(2)AA:Γ(2)AA Γ(2)AρΓ(2)ρA Γ(2)ρρ
 diagonalize−−−−−−−−−→
(
Γ˜
(2)
AA 0
0 Γ˜(2)ρρ
)
, Γ˜(2)AA = Γ
(2)
AA −
Γ
(2)
AρΓ
(2)
ρA
Γ
(2)
ρρ
+ O(e4). (2)
For details on the derivation of these flow equations, which are shown diagrammatically in Fig. 2, we refer
to [10].
The resulting spectral functions are shown in Fig. 3 for different temperatures and (quark-)chemical
potentials. In the present truncation, the ρ and the photon can only decay into two pions or into a quark-
antiquark pair. The thresholds for these decay channels are located at ω ≈ 300 MeV and at ω ≈ 600 MeV,
respectively, for T = 10 MeV and µ = 0. With increasing temperature, the pions become heavier while the
quarks become lighter, which eventually gives rise to the ‘melting’ of the spectral functions. Close to the
CEP, which is located at µ ≈ 298 MeV and T ≈ 10 MeV, we observe a small enhancement of the spectral
functions near the pion threshold while otherwise they resemble their vacuum structure.
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Fig. 2. Diagrammatic representation of the flow equations for the bare photon and the mixed rho-photon 2-point function in the VMD
approximation, [10]. After diagonalization, the full photon 2-point function can be extracted, see also Eq. (2).
The EM spectral function is used as input for the calculation of the dilepton rate which is obtained using
the Weldon formula [11],
d8Nll¯
d4x d4q
=
α
12pi3
(
1 +
2m2
q2
) (
1 − 4m
2
q2
)1/2
q2(2ρT + ρL) nB(q0), (3)
where α is the fine-structure constant, m the lepton mass, and nB the bosonic occupation number. It expresses
the dilepton production rate per space-time volume d4x and per 4-momentum interval d4q in terms of the
longitudinal and transverse EM spectral function in a thermal medium. First results for the dilepton rate
are shown in Fig. 4 for the simplifying assumptions of massless dileptons, m = 0, and vanishing spatial
momentum, i.e. ρT = ρL = ρA˜A˜.
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Fig. 3. The bare ρ, the bare photon and the full photon 2-point function in the VMD approximation, cf. Eq. (2), for different temperatures
and chemical potentials, [10]. With increasing temperature, the quark-antiquark threshold moves to smaller energies while close to the
CEP a non-trivial enhancement near the pion-pion threshold is observed.
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Fig. 4. Dilepton rate for different temperatures (left) and chemical potentials (right), [10]. While there is a strong dependence on the
temperature, due to the in-medium modifications of the EM spectral function, cf. Fig. 3, the effect of the CEP is almost negligible in
the present truncation.
4. Summary
In these proceedings we present first results for the EM spectral function as well as for the dilepton
rate based on an FRG framework. This framework involves an analytic continuation from Euclidean to real
energies and is used to calculate the ρ and the a1 spectral function within an extended linear-sigma model
including quarks. Non-trivial in-medium modifications are observed in the EM spectral function which
serves as input for the calculation of the dilepton production rate. While a strong temperature-dependence
of the dilepton rate is observed, the effects of the CEP are minimal and call for improved truncations. This
will involve the inclusion of baryonic degrees of freedom and of 4-particle processes which will allow for a
more realistic calculation of dilepton rates and a possible identification of signatures of the chiral crossover
and the CEP.
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